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FOREWORD 


This  report  was  prepared  by  the  National  Bureau  of  Standards 
under  USAF  Contract  No.  33(61  6)- 61  -  04.  This  contract  was  initiated 
under  Project  No.  7340,  "Nonmetallic  and  Composite  Materials", 
Task  No.  73405.  "Elastomeric  and  Compliant  Materials".  The  work 
was  administered  under  the  direction  of  Directorate  of  Materials  and 
Processes,  Deputy  for  Technology,  Aeronautical  Systems  Division, 
with  Mr.  Roger  Headrick  acting  as  Project  Engineer. 


3 


Program  Status 

The  study  of  elastomeric  seals  at  cryogenic  temperatures  has 
moved  through  the  stages  of  initial  development  and  functional  test¬ 
ing!!  1  1  into  a  more  analytical  and  fundamental  program.  At  present 
the  program  consists  of  four  experiments,  one  of  which  involves  the 
direct  measure  of  leak  rate  through  a  seal.  The  other  experiments 
are  designed  to  study  the  low  temperature  behavior  of  elastomeric 
polymers  in  terms  of  thermal  expansion,  resilience,  force-tempera¬ 
ture  relationships,  and  diffe rential  thermal  analys is  .  O-rings  and 
test  samples  are  prepared  and  supplied  by  the  Elastomers  and  Coatings 
Branch  of  Materials  Central,  Aeronautical  Systems  Division. 

1.  Force  Evaluation  Experiment  (P.  R.  L.  and  D.  H.  W.  ) 

1.  1  Introduction  and  Procedure 


The  purpose  of  this  experiment  is  to  measure  the  force  on  an 
o  -ring  while  it  is  compressed  and  held  at  constant  thickness  during 
cooldown  from  room  temperature  to  76°K.  The  o-ring  functions  as  a 
seal  during  the  experiment,  and  the  force  and  temperature  at  which 
a  leak  begins  is  noted.  In  addition,  the  force -temperature  curve  is 
continuously  recorded  so  that  not  only  the  endpoints  but  the  shapes  of 
the  curves  for  various  elastomers  can  be  compared. 

The  test  apparatus  is  shown  in  Figure  1.  The  plates  and  bolts 
are  overdesigned  to  minimize  flexing  or  stretching  which  would  place 
a  spring  load  on  the  o-ring.  Springloading  will  "smooth  out"  the  force- 
temperature  curve  and  help  to  maintain  a  seal  in  practical  applications, 
but  more  meaningful  comparisons  of  the  various  elastomers  can  be 
obtained  in  this  experiment  if  springloading  is  minimized  or  eliminated. 

In  previous  attempts  to  make  these  measurements^  ^  ^  it  was 
found  that  differences  in  cooling  rates  of  various  parts  of  the  test  jig 
caused  force  variations  as  high  as  8000  pounds  when  the  jig  was  cooled 
without  an  o-ring  in  position.  This  "differential  contraction"  problem 
was  minimized  by  making  all  of  the  stressed  parts  of  the  jig  of  invar. 
This  includes  force  washer  sleeves,  top  plate,  studs,  and  compression 
disc.  Invar  pillars  are  placed  adjacent  to  the  studs  between  the  base 
and  top  plate  to  maintain  a  constant  separation  between  these  surfaces 
at  all  times.  The  invar  pillars  also  keep  the  top  plate  and  base 
accurately  parallel,  which  insures  uniform  compression  of  the  o-ring. 
The  invar  and  pillar  modification  has  made  negligible  the  errors  due 
to  "differential  contraction". 
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The  bellows  assembly  contains  four  washer  type  strain  gauges. 
Three  of  these  are  loaded  and  the  fourth  is  for  temperature  compensa¬ 
tion.  Liquid  nitrogen  is  circulated  through  the  bellows  to  maintain  the 
force  washers  at  constant  temperature  and  to  slowly  cool  the  apparatus. 
It  is  only  at  the  end  of  the  cooldown  period  that  liquid  nitrogen  is  allowed 
to  cover  the  entire  test  fixture.  A  thermocouple  placed  near  the  o- 
ring  provides  a  record  of  o-ring  temperature.  The  force  washers  and 
two  external  fixed  resistors  make  a  bridge  circuit  which  provides  a 
signal  proportional  to  the  force  on  the  o-ring.  The  force  and  tempera¬ 
ture  signals  are  continuously  plotted  by  an  x,  y  recorder  as  the 
experiment  progresses. 

By  varying  the  number  of  mica  shims  between  the  compression 
disk  and  the  bellows,  the  0.  140  inch  thick  by  1  inch  I.  D.  o-ring  is 
compressed  to  an  initial  force  of  14,  000  to  18,  000  pounds  when  the 
plates  are  pulled  solidly  down  on  the  invar  pillars.  After  this  initial 
compression  the  outer  cover  is  soldered  to  the  base  of  the  jig.  During 
soldering  the  o-ring  is  warmed  to  around  40°  C,  which  accelerates 
relaxation  of  the  elastomer.  After  cooling  to  room  temperature  the 
force  is  again  measured  before  introducing  helium  pressure  and 
starting  to  cool  with  liquid  nitrogen. 

1.  2  Results  and  Discussion 


Meaningful  results  have  thus  far  been  obtained  for  three 
different  polymers  supplied  by  ASD.  These  are  natural  rubber  (IV- 
8A)*,  ethylene  propylene  rubber  (IV-29C),  and  cis-4  polybutadiene 
(IV-29B).  The  force-temperature  curves  and  other  pertinent  informa¬ 
tion  for  these  materials  are  shown  in  Figures  2,  3,  and  4,  and  the 
results  are  summarized  in  Table  1. 

The  ethylene  propylene  (IV-29C,  Figure  2)  o-ring  was  com¬ 
pressed  to  .  018  in. thickness  (87%  compression)  which  required  an 
initial  force  of  13,900  pounds.  After  soldering  and  relaxing  over¬ 
night  the  force  had  decayed  to  1 1 ,  000  pounds.  The  first  cooldown 
was  carried  out  with  100  psig  of  helium  gas  inside  the  seal.  At  196°K 
the  force  had  fallen  to  about  5,  800  pounds  and  the  seal  began  to  leak. 
After  warm-up  the  test  was  repeated  with  the  same  pressure  inside  the 
o-ring  and  a  leak  began  at  208°K.  Note  that  the  second  curve  falls  to 
the  left  of  the  first,  indicating  a  relaxation  of  500  to  1000  pounds  in  the 


Compounding  recipes  are  given  in  the  Appendix. 


300 


6 


X>  ‘  3HnJLVd3d£l31 


B-  33546 


0  2000  4000  6000  8000  10,000  12,000  14,000 

FORCE  ,  lbs 

Figure  2.  Force  -  Temperature  Curve,  Ethylene  Propylene  Rubber 
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Figure  3.  Force  -  Temperature  Curve,  Cis  -  4  Polybutadiene 
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force  on  the  o-ring. 

The  initial  force  of  about  14,  000  pounds  required  to  compress 
the  o-ring  87%  is  somewhat  misleading  because  of  the  way  it  is  applied. 

In  order  to  adjust  the  force  it  is  necessary  to  remove  or  add  mica 
shims  between  the  bellows  and  the  plates.  This  results  in  several 
cycles  of  loading  and  unloading  which  "condition"  the  o-ring  and  cause 
it  to  take  a  certain  amount  of  compression  set.  The  final  force  re¬ 
quired  for  "initial"  compression  is  consequently  lower  than  it  would 
be  if  the  o-ring  were  compressed  only  once  to  its  final  thickness  and 
held  there.  The  difference  between  these  two  methods  of  compres¬ 
sion  for  o  -rings  of  the  size  used  here  can  be  several  thousand  pounds. 
This  must  be  kept  in  mind  when  designing  flanges  for  a  seal  of  this 
kind. 

Compound  IV-29C  is  relatively  soft,  having  a  Shore  A  duro- 
meter  reading  of  60,  and  also  seems  to  exhibit  a  relatively  low  friction 
coefficient.  When  compressed  with  a  high  force  the  o-ring  tends  to  flow 
and  extrude  outward,  making  it  difficult  to  confine  between  flat  flanges 
and  allowing  the  initial  force  to  decay  rapidly.  In  spite  of  this  the  o- 
ring  showed  no  sign  of  material  failure  after  the  test.  A  new  compound 
of  this  material  having  somewhat  higher  durometer  should  be  prepared 
for  further  testing. 

Figure  3  gives  results  for  an  o-ring  of  cis-4  polybutadiene 
(ASD  sample  IV-29B)  which  was  compressed  to  .  032"  (77%  com¬ 
pression),  requiring  an  initial  force  of  14,  200  pounds  which  had  relaxed 
to  1  1 ,  500  pounds  when  cooldwon  was  begun.  During  the  first  cooldown, 
with  100  psig  He  in  the  seal,  the  force  decayed  to  4000  pounds  and  during 
the  second  cooldown,  with  500  psig,  the  force  fell  to  about  1700  pounds. 

In  both  cases  there  was  no  leak.  During  the  third  cooldown,  with  1000 
psig  inside  the  o-ring,  a  leak  ocurred  at  123°K  after  the  force  had 
decayed  to  less  than  500  pounds.  Since  the  gas  pressure  on  the  flange 
area  inside  the  compressed  o-ring  would  account  for  most  of  this 
force  it  appears  that  the  compression  on  the  o-ring  when  it  leaked  was 
almost  zero.  One  might  expect  this  to  always  be  the  case,  but  many 
of  the  o-rings  begin  to  leak  while  the  total  flange  load  is  still  quite 
high.  Evidently  small  leak  passages  can  occur  with  some  of  the 
elastomers  even  though  most  of  the  sealing  surface  is  still  held  under 
high  load  against  the  flanges.  This  may  indicate  some  irregularity 
or  non-uniformity  in  the  way  the  highly  compressed  material  contracts 
when  it  is  cooled.  At  any  rate  it  is  surprising  and  interesting  to  see 
how  well  the  cis-4  polybutadiene  held  a  seal  in  spite  of  its  high  rate 
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of  force  decay  and  the  large  amount  of  relaxation  between  tests.  A 
slightly  higher  initial  compression  would  probably  have  maintained 
the  seal  through  all  three  test  cycles. 

The  natural  rubber  o-ring  (sample  IV-8A,  Figure  4)  was  com¬ 
pressed  83%,  to  a  thickness  of  .  024  inches,  which  required  a  force  of 
17,800  pounds.  This  had  relaxed  to  13,  000  pounds  at  the  beginning  of 
the  test.  Cooldowns  were  carried  out  with  100,  500,  and  1000  psig 
helium  inside  the  seal.  No  leak  ocurred.  At  the  end  of  the  1000  psig 
cocldown,  with  the  seal  at  76°K,  the  pressure  was  increased  to  1250 
psig.  No  leak  ocurred,  but  when  the  apparatus  was  removed  from 
the  bath  and  lightly  jarred  on  the  concrete  floor  a  leak  began. 

One  general  observation  in  all  of  these  tests  is  the  absence  of 
any  significant  change  in  the  force-temperature  curves  as  the  elas¬ 
tomer  passes  through  the  brittle  point  transition  temperature  (Tg). 

It  was  expected  that  there  would  be  a  definite  increase  in  the  rate  of 
force  decay  at  Tg,  where  the  material  would  normally  begin  to 
contract  as  a  rigid  solid.  Possibly  the  high  compression,  close 
confinement  due  to  friction,  and  low  final  thickness  combine  to  prevent 
the  material  from  showing  any  sudden  change  as  it  passes  through  the 
transition  temperature. 

Force-temperature  curves  for  additional  ASD  materials  will 
be  presented  and  compared  in  subsequent  reports. 

2.  Thermal  Expansion  (Y.  O.  and  R.  F.  R.  ) 

2.  1  Introduction 


During  the  reporting  period  the  thermal  expansions  of  the 
isobutylene  -  isoprene  co-polymers  (Group  III)  and  two  additional  co¬ 
polymers  have  been  tested.  These  results,  along  with  those  previously 
reported,  have  been  divided  into  groups  of  similar  materials  and  plotted 
in  Figures  5,  6,  and  7. 

As  the  information  concerning  low  temperature  expansions 
becomes  more  complete,  correlation  of  the  experimental  results  with 
various  theories  should  be  investigated.  Accordingly,  two  relations 
correlating  the  glassy  state  transition  temperature  (Tg)  of  a  co-polymer 
with  the  Tg's  of  the  corresponding  homopolymers  will  be  discussed.  In 
addition  a  relation  between  the  expansivities  above  and  below  Tg  will 
be  presented.  Discussion  of  the  thermal  expansion  mechanism  which 
was  touched  on  in  our  last  report  t  1  will  be  continued,  with  particular 
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Figure  5.  Thermal  Expansion  and  TG, 


Group  I 
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Figure  6.  Thermal  Expansion  and  TG,  Group  IE 
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Figure  7  Thermal  Expansion  and 
Tg,  Group  IT  and  W 
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attention  given  to  time  phenomena. 

2.  2  Thermal  Expansion  Mechanisms 


It  is  widely  accepted  that  there  are  two  distinct  mechanisms 
responsible  for  the  contraction  of  an  elastomer  while  the  temperature 
is  being  reduced,  and  that  the  effect  of  one  of  these  mechanisms 
becomes  very  small  near  and  below  Tg.  The  first  mechanism  is  the 
familiar  thermal  vibrational  change  in  amplitude  of  the  atoms.  For 
the  second  mechanism  there  are  several  possible  interpretations. 

[  2,  3,  4,  5]  .  Two  of  these  will  be  discussed  at  this  time. 

First  we  will  consider  the  "diffusion  of  holes"  theory  advanced 
by  Alfrey,  et  al,  ^  ^  and  others.  The  elasticity  of  rubber-like  materi¬ 
als  is  made  possible  by  the  random  orientation  of  long  molecular  chains 
which  are  tangled  with  one  another,  and  joined  occassionally  by  chemical 
bonds.  Such  an  imperfect  packing  requires  that  there  be  certain  gaps 
or  "holes"  in  the  structure^  .  When  these  materials  cool,  the 
structure  becomes  more  packed  and  tends  toward  a  more  ordered 
state,  causing  the  equilibrium  volume  of  the  holes,  and  hence  the 
free  volume,  to  decrease.  However,  this  volume  contraction  cannot 
take  place  instantaneously  since  the  molecules  must  move  to  a 
new  position.  The  molecular  re  -  or  ientation  cannot  affect  the  "true" 
volume  of  the  sample;  it  can  only  redistribute  the  holes,  which  will 
combine  or  divide  in  a  random  fashion.  A  consequence  of  this 
diffusion  of  holes  is  that  if  the  material  is  to  contract,  some  of  the 
holes  must  diffuse  to  the  surface  of  the  sample  and  disappear^  4]  # 

At  temperatures  above  the  Tg  range  the  time  necessary  to 
attain  an  equilibrium  free  volume  is  much  faster  than  normal  experi¬ 
mental  times.  Near  Tg  the  equilibrium  time  required  approaches  the 
experimental  time,  and  below  Tg  the  holes  are  essentially  "frozen  in"  , 
and  the  material  is  unable  to  reach  its  equilibrium  structure  within  a 
reasonable  length  of  time.  Hence  the  sharp  change  of  slope  of  thermal 
expansion  curves  around  Tg.  Some  contraction  still  takes  place,  due 
to  the  change  in  the  amplitude  of  anharmonic  vibrations  with  tempera¬ 
ture.  This  vibrational  effect  is  present  throughout  the  temperature 
range,  but  is  predominant  only  below  Tg. 

Next  let  us  consider  the  concept  of  free  rotation  about  carbon- 
carbon  bonds,  to  be  compared  with  the  time  effect  considerations  of 
hole  diffusion.  Tg  was  inferentially  defined  above  as  the  temperature 
where  the  time  required  to  attain  the  equilibrium  free  volume  was  equal 
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to  the  time  of  the  experimental  observation.  Tg  can  also  be  defined 
as  the  temperature  where  the  free  rotations  of  C-C  bonds  ceasest  3,  8]  # 
The  viscous  flow  mechanism  for  polymer  transitions  as  advanced  by 
Boyer  and  Spencert  4]  is  in  accord  with  the  concept  of  free  rotation, 
and  will  be  discussed  briefly. 

Consider  several  long  chain  molecular  segments  placed  side 
by  side,  and  the  contraction  of  these  molecules  when  the  material 
is  cooled.  Perpendicular  to  the  chains,  contraction  would  be  caused 
by  decreased  vibration  of  the  molecules,  and  should  obey  normal  laws 
which  predict  a  linear  variation  with  temperature.  Contraction 
parallel  to  the  segments,  however,  would  have  to  be  caused  by  other 
mechanisms,  since  changes  in  primary  bond  distance  or  valence  angle 
are  unlikely^-  ^  ^  .  The  mechanism  suggested  here  is  that  contraction 
in  the  parallel  direction  of  the  over-simplified  model  is  caused  by 
displacement  of  entire  chains  relative  to  one  another,  in  a  manner 
similar  to  viscous  flow.  The  net  result  of  the  flow  of  the  molecules 
would  be  a  contraction  with  decreasing  temperature  which  is  time 
dependent.  Since  free  rotation  is  a  requirement  for  viscous  flow, 
this  effect  would  not  appear  below  Tg. 

In  samples  randomly  oriented,  such  as  the  polymers  tested  in 
this  program,  the  length  changes  parallel  and  perpendicular  to  the 
chains  would  be  superimposed  on  one  another,  and  entanglements  would 
inhibit  the  movements.  However,  since  length-wise  movement  is  zero 
below  Tg,  this  theory  predicts  a  change  in  slope  of  the  expansion  curve 
at  T g  in  agreement  with  known  results.  This  theory  also  predicts 
differences  in  the  expansivities  of  oriented  samples  measured  in 
different  directions,  a  result  which  has  been  verified  experimentally!!  4] 
Another  obvious  prediction  is  that  if  a  rubber-like  material  at  room 
temperature  could  be  oriented  so  that  the  chains  were  mostly  parallel 
to  the  direction  of  compressive  force,  contraction  below  Tg  could  be 
reduced  to  near  zero  in  an  o-ring  seal  application. 

2.  3  Experimental  Results 


The  dilatometer  used  for  the  thermal  expansion  measurements 
has  already  been  described!!  ]  .  Figures  5,  6,  and  7  show  the  results 
which  have  thus  far  been  obtained  in  our  program.  Each  curve  has 
been  repeated  at  least  once;  in  cases  where  the  tests  on  a  given  material 
were  not  in  good  agreement,  more  runs  were  required  to  insure  the 
reporting  of  reliable  data.  Useful  numbers  derived  from  the  curves, 
such  as  the  average  coefficients  of  expansion  above  and  below  Tg,  are 
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presented  in  Table  2. 

It  is  interesting  to  compare  curves  2  and  7  of  Figure  5.  The 
base  polymers  for  these  are  identical;  however,  the  polymer  for 
curve  7  contains  25  parts  of  carbon  black  while  that  for  curve  2  con¬ 
tains  no  carbon  black.  Both  contain  20  parts  of  magnesium  oxide. 

If  curve  2  is  taken  as  the  additive  expansion  of  the  pure  polymer  and 
16.  5%  (20  parts)  magnesium  oxide,  the  overall  contraction  from  300°K 
to  76°K  for  the  carbon  filled  elastomer  can  be  estimated.  The  cal¬ 
culated  value  obtained  in  this  way  is  about  7%  higher  than  the  experi¬ 
mental. 


The  curves  plotted  in  Figure  6  show  various  isobutylene/iso- 
prene  co-polymers  compounded  in  approximately  the  same  manner. 

It  can  be  seen  that  compound  III-12C  has  the  minimum  overall  con¬ 
traction,  due  to  a  lower  coefficient  of  expansion  above  Tg.  Compound 
III-12B  seems  to  have  a  larger,  more  irregular  contraction  below  Tg 
than  the  others.  In  future  work,  more  emphasis  will  be  placed  on 
groups  II,  IV,  and  V. 

2.  4  A  Relation  Between  Linear  Expansion  Coefficients 
d  and  dv 


In  section  2.  2  it  was  suggested  that  viscous  flow  plays  an 
important  part  in  thermal  expansion,  and  that  below  Tg  the  free  volume 
of  a  sample  is  constant.  It  has  also  been  postulated  that  Tg  for  various 
polymers  is  a  state  of  constant  fractional  free  volume.  These  con¬ 
siderations  can  be  related  by  considering  the  relation  between  viscosity, 
Tg,  and  fractional  free  volume,  as  proposed  by  Williams,  et  al,  t  9] 
and  expanded  by  Tobolskyt  ^  d  1  . 


icg^m  =  -L_ 

g  r,(Tg)  2.303 


(1) 


where 

r\  (T)  is  the  viscosity  at  temperature  T 
t]  (Tg)  is  the  viscosity  at  temperature  Tg 
f  is  the  fractional  free  volume  at  T 
fg  is  the  fractional  free  volume  at  Tg. 
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The  dependence  of  free  volume  on  temperature  is  taken  to  be  the 

difference  between  the  volume  expansion  coefficients  a  and  a  ,  where 

r  g 

subscripts  r  and  g  refer  to  the  "rubbery"  and  "glassy"  states  of  the 
polymer.  Then 

f  =  f  +  (a  -  a)  (T  -  Tg)  =  f  +  a  (T-Tg)  (2) 

g  r  g  g  2 

Combining  (1)  with  (2),  we  obtain: 

-■  9  (T)  =  -  1  (  T  -Tg 

°g  p  (Tg)  2.  303  f  \  f  /a  +  T  -  Tg 

g  g  2 

Experimental  data  t  ^  1  have  established  the  validity  of  the  following 
emperical  relation: 


P(T)  17.  44  (T-Tg) 

■n  (Tg)  =  51.  6  +  T  -  Tg 


(4) 


Equating  the  constants  of  (3)  and  (4),  we  can  determine  constant  values 

for  f  and  a  .  as  follows: 
g  2 


f  =  0.  025 
g 

-4 

a_  =  a  —  a  =  4. 8x10  deg 
2  r  g 


The  above  development,  together  with  experimental  verification  of 
equation  (4),  are  the  best  evidence  that  fg  is  essentially  constant  for 
all  polymers,  and  that  the  difference  ar  -  a^  should  be  constant.  If 
we  assume  isotropic  contraction,  a  ~  3  q,,  and 


3  (m 


nc. 


) 


(5) 


where  ^  is  the  "rubbery"  coefficient,  and  ^  is  the  "glassy"  coefficient. 


In  Table  2  values  of  a  are  approximated  from  q,  and  r%  ,  and 
are  found  to  be  in  the  range  of  2.  7  to  4.  8  x  10"^  deg  "  •*- ,  in  general 
agreement  with  the  above  theory. 
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2.  5  Two  Relations  Between  Monomer  Ratios  and  Tg 


The  value  of  Tg  for  an  amorphous  co-polymer  can  be  estimated 
if  the  values  of  Tg  of  both  homopolymers  are  known.  One  of  the  more 
widely  used  empirical  formulas  relating  these  is  t  1^] 


1 

Tg 


(6) 


where  Tg^  and  Tg^  apply  to  the  homopolymers  and  and  are  their 

respective  weight  fractions.  In  some  cases,  the  following  formula 
has  been  found  to  be  more  accuratet  14]  : 


Tg  =  Tgl  +  x2  Tg2 


(7) 


Here 


x,  and 


x 

Z 


are  the  mole  fractions  of  the  homopolymers. 


Table  2  shows  the  values  of  Tg  calculated  by  equations  6  and  7, 
and  the  experimental  Tg  obtained  by  extrapolating  straight  line  portions 
of  the  expansions  below  and  above  Tg,  using  the  intersection  as  Tg. 
Values  of  Tg  for  the  homopolymers  were  obtained  from  published  data 
[  15  ]  .  The  experimental  and  calculated  results  are  in  good  agreement, 
indicating  that  equations  6  and  7  can  be  applied  to  predict  values  of  Tg 
for  new  materials  which  might  have  applications  at  low  temperature. 
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3.  Resilience  (D.  H.  W.  ) 
3.  1  Introduction 


The  elastic  response  of  a  given  rubber-like  material  is  deter¬ 
mined  primarily  by  time  and  temperature.  The  capacity  for  storing 
and  returning  energy  in  a  rapid  deformation  is  called  resilience.  A 
simple  form  of  rapid  deformation  results  when  a  rubber  ball  is  dropped 
on  a  hard  surface.  Alternately,  a  flat  rubber  sample  can  be  deformed 
by  a  striker  which  is  free  to  rebound  with  energy  returned  by  the 
rubber . 


Resilience  has  the  attractive  feature  of  being  intimately 
associated  with  the  structure  of  the  molecule  and  the  nature  of  the 
intermolecular  forces  rather  than  the  gross  structure  of  the  material 
[  17]  .  The  temperature  of  minimum  resilience  is  closely  correlated 
with  the  second  order  transition  temperature  (Tg)  and  usually  occurs 
15°  to  20°C  above  this  point.  The  incorporation  of  a  plasticizer 
lowers  both  Tg  and  the  temperature  of  minimum  resilience;  the 
addition  of  carbon  black  has  the  effect  of  broadening  the  temperature 
resilience  curve  without  affecting  the  position  of  the  minimum!  ^  ®  ]  . 

Since  resilience  is  a  dynamic  property  demonstrated  by  rapid 
deformation  and  recovery  it  is  not  readily  associated  with  o-ring  seal 
performance.  That  there  will  be  no  correlation  between  cryogenic 
seal  performance  and  low  temperature  resilience  may,  however,  be 
a  premature  conclusion.  Natural  rubber,  for  example,  has  a  high 
coefficient  of  expansion  and  relatively  low  compression  modulus. 

Both  of  these  might  lead  one  to  expect  poor  performance  as  a  seal  at 
extreme  low  temperature  but  our  tests  have  shown  that  natural  rubber 
is  actually  one  of  the  best  elastomers  for  this  application.  Its  high 
resilience  may  be  at  least  partly  responsible. 

The  point  of  minimum  resilience  for  various  elastomers  has 
been  studied  and  interpreted  by  others!  but  we  have  not  found  any 
studies  which  carry  the  measurements  or  theory  to  extreme  low 
temperatures.  These  considerations,  together  with  the  simplicity  of 
the  resilience  test  and  its  close  relation  to  molecular  structure  have 
led  us  to  include  it  in  our  testing  program. 
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3.  2  Experimental 

Figure  8  shows  the  method  which  is  being  used  to  cool  a  stand¬ 
ard  cylindrical  test  button  (1  square  inch  cross  section  by  1  / 2  inch 
long)  and  obtain  resilience  values  by  visual  observation  of  rebound 
height  of  a  1  / 2  inch  steel  ball.  Temperature  is  measured  and  recorded 
through  use  of  a  copper-constantan  thermocouple.  The  sample  is  held 
firmly  in  position  under  moderate  load  provided  by  a  copper  ring  and 
flexible  plate  screwed  to  the  top  of  the  anvil.  This  prevents  motion 
of  the  sample  which  might  otherwise  absorb  some  of  the  energy  of  the 
striking  ball.  Since  the  ball  falls  without  friction  other  than  air 
resistance  it  is  assumed  that  the  rebound  height  is  a  fair  measure  of 
the  energy  returned  by  the  elastomer.  The  resulting  curve  for 
natural  rubber  (ASD  sample  No.  IV-8A)  is  shown  in  Figure  9. 

The  resilience  of  natural  rubber  measured  under  these  condi¬ 
tions  shows  a  high  temperature  maximum  of  57%  near  340°K,  drops  to 
a  minimum  of  3%  near  240°K,  then  rises  sharply  to  about  70%  at  210°K 
and  continues  to  increase  with  decreasing  temperature  until  it  levels 
off  at  90%  when  the  temperature  reaches  100°K.  Below  100°K  the 
resilience  appears  to  be  stable,  but  no  measurements  have  been 
obtained  below  80°K. 

Mullensf  in  1946  reported  a  minimum  resilience  of  5%  for 
natural  rubber  at  238°K.  Since  his  equipment  was  entirely  different 
from  ours  and  we  have  no  knowledge  of  his  compounding  recipe,  it 
seems  remarkable  that  our  results  should  be  in  such  close  agreement. 
We  hope  that  this  is  not  fortuitous,  but  instead  points  up  the  basic 
nature  of  resilience  as  a  property  characteristic  of  the  polymer. 

Some  modifications  of  our  apparatus  to  eliminate  the  need  for 
an  operator  in  constant  attendance  are  under  way.  These  consist  of  a 
clock-activated  striker  and  an  automatic  record  of  rebound  height 
along  with  temperature .  This  improved  equipment  should  make  it 
possible  for  us  to  obtain  resilience  -  temperature  curves  for  many  of 
the  ASD  materials  in  a  relatively  short  time. 

4.  Differential  Thermal  Analysis  (R.  F.  R.  ) 

4.  1  Introduction 

The  differential  thermal  analysis  (DTA  )  test  program  initiated 
last  fall  has  progressed  to  the  point  where  some  meaningful  results 
may  be  reported.  DTA  curves  for  four  materials  in  Group  IV  and  one 
in  Group  V  have  been  obtained.  In  addition,  a  curve  illustrating 
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Figure  9.  Rebound  Resilience  of  Natural  Rubber 
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the  interesting  effect  of  a  vacuum  environment  on  a  stable  elastomer 
in  Group  I  will  be  described. 

4.  2  Experimental  Apparatus  and  Procedure 

The  experimental  set-up  used  in  tests  conducted  with  a  vacuum 
environment  surrounding  the  sample  has  already  been  described  t  1  1  . 
Briefly,  the  apparatus  consists  of  a  copper  can  connected  to  a  vacuum 
pumping  system,  and  the  appropriate  instrumentation  to  measure  the 
temperature  difference  from  a  point  in  the  middle  of  the  sample  to  a 
point  near  the  surface.  One  half  inch  diameter  by  one  half  inch  long 
solid  cylindrical  samples  are  used,  and  a  reference  sample  is  un¬ 
necessary.  The  vacuum  can  is  lowered  into  a  metal  dewar  and  cooled 
to  76°K  before  each  test.  The  curves  are  obtained  during  warm-up  of 
the  sample,  which  is  surrounded  by  copper  caps  to  insure  uniform 
heating. 


For  tests  without  a  vacuum  space  this  dewar  arrangement  was 
found  to  be  inadequate,  since  warming  rates  were  too  high.  A  glass  6- 
inch  diameter  dewar  with  2  inches  of  additional  expanded  foam  insula¬ 
tion  inside  allowed  the  sample  to  warm  to  275°K  in  about  7  hours. 

This  dewar  was  used  during  the  tests  shown  in  Figures  10  through  14. 

Temperature  versus  time  is  continuously  recorded  by  two  strip 
chart  recorders.  To  plot  the  resulting  information,  times  are  matched 
with  temperature  (T)  and  temperature  difference  (AE)  to  determine 
temperature  intervals  for  the  various  events. 

An  x,  y  recorder  was  also  used  for  a  short  period,  plotting  T 
vs  AE  directly.  Such  a  method  is  simple,  but  does  not  yield  informa¬ 
tion  about  the  shape  of  the  warming  curve,  which  is  rather  important 
in  the  vacuum  tests.  The  runs  described  in  the  next  section  employed 
the  x,  y  recorder,  since  warming  rates  were  known  to  follow  a  smooth 
curve . 


4.  3  Test  Results  in  a  Dry,  Nitrogen  Atmosphere 


Figures  10  through  15  show  DTA  curves  plotted  from  data 
continuously  recorded  on  the  x-y  recorder.  As  many  as  three  tests 
were  made  on  some  samples  to  determine  the  reproducibility  of  the 
results.  It  can  be  seen  that  the  shape  of  the  curves  and  the  events  are 
reproducible,  but  the  level  of  temperature  difference  varies  due  to 
variation  in  the  warming  rate.  This  can  be  due  to  several  inherent 
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properties  of  the  dewar  system  used  and  is  not  considered  to  be 
an  important  defect  at  this  time.  If  at  some  later  date  quantitative 
heat  capacity  and  thermal  conductivity  information  are  desired, 
warming  rates  will  have  to  be  more  accurately  controlled. 

Examination  of  the  results  indicates  that  the  transition  from 
the  glassy  state  to  the  rubbery  state  gradually  occurs  over  a  tempera¬ 
ture  span  of  9  to  20K°,  depending  on  the  material,  and  is  accompanied 
by  an  increase  in  AE  due  to  the  increase  in  heat  capacity.  It  was 
expected  that  this  transition  would  take  place  in  a  more  limited  tem¬ 
perature  interval,  allowing  an  accurate  definition  of  T g  similar  to 
that  indicated  by  heat  capacity  measurements.  The  range  over  which 
the  transition  occurs  is  noted  on  the  graphs.  An  additional  transition 
above  Tg  is  noted  in  compound  IV-29B,  Figure  12,  which  is  attributed 
to  crystal  melting.  A  crystal  melting  peak  was  noted  about  25K° 
higher  by  DannisL-*-^]  ,  using  a  similar  compound;  however,  melting 
started  at  a  lower  temperature  in  his  tests. 

4.  4  Some  Effects  of  Vacuum  Environment  in  DTA 


When  the  DTA  tests  were  initiated  it  was  assumed  that  a  high 
vacuum  environment  around  the  sample  would  eliminate  frost  formation 
and  facilitate  temperature  control.  Test  results  have  shown,  however, 
that  some  effects  in  addition  to  the  second  order  transitions  and  crystal 
melting  influence  AE.  These  unexpected  effects  are  shown  in  Figure  15. 

The  three  variables  plotted  against  running  time  are  sample 
temperature,  AE,  and  pressure  in  the  vacuum  can.  The  unexpected 
phenomena  take  place  over  wide  ranges  of  temperature,  but  peaks  in 
the  AE  and  P  curves  show  125°K  and  220°K  as  the  temperatures  of  the 
effects  for  compound  I-12D.  A  natural  rubber  sample  previously 
tested  did  not  show  a  decided  dip  at  any  low  temperature,  but  the  large 
variation  near  220°K  was  observed. 

It  is  important  to  notice  the  large  pressure  rise  in  these  two 
temperature  regions,  which  occurred  in  spite  of  the  fact  that  the 
system  was  continuously  pumped  by  the  oil  diffusion  pump  at  all 
times.  At  these  points  the  temperature  rise  at  the  surface  also 
stopped  temporarily, indicating  an  endothermic  process. 

We  do  not  understand  these  effects  at  this  time,  but  we  speculate 
that  some  of  the  compounding  ingredients  not  chemically  bonded  in  the 
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molecular  structure  are  vaporizing  in  the  presence  of  vacuum  con¬ 
ditions.  Another  possibility  is  that  contaminants  in  the  vacuum  space 
vaporize  at  these  temperatures.  In  the  tests  to  date  it  is  quite  possible 
that  some  condensibles  were  introduced  during  cooldown,  and  the 
author  believes  this  to  be  the  most  likely  explanation.  However,  a 
careful  examination  of  this  behavior  will  be  pursued,  since  o-rings 
made  from  the  materials  may  be  recommended  for  high  vacuum,  low 
temperature  static  seals. 
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5. 

Appendix.  Compounding 

Recipes  of  ASD 

Mate  rials 

Estimated 

ASD 

Monomer 

Hardness 

No. 

Polymer 

Ratio 

Recipe 

(Shore  A) 

Group  I 

I-8D 

Vinylidene  Fluoride 

70/30 

Polymer 

100 

80 

Sc  Perfluoropr opylene 

Magnesium  Oxide 

20 

("Viton"  A,  Du  Pont) 

Hexamethylene  Diamine 

Carbamate 

1.  3 

M  T  Carbon  Black 

Cure  20  min  at  280  F 

Post  cure  1  6  hr  at  400  F 

25 

I-12A 

Vinylidene  Fluoride 

Terpoly- 

Additives  ditto  8D 

75 

Sc  Perfluor opropylene 

mer 

Cure  20  min  at  310  F 

(Third  Monomer  Un¬ 
known) 

Post  cure  1  6  hr  at  400  F 

("Viton"  B,  Du  Pont) 

I-12B 

Vinylidene  Fluoride 

Sc  Perfluoropropylene 
("Viton"  A-HV,  Du 

Pont ) 

70/30 

ditto 

80 

I-12C 

Vinylidene  Fluoride 

Sc  Perfluoropropylene 

70/30 

ditto 

80 

("Fluorel",  Minnesota 

Mining  Sc  Mfg.  ) 

I-29F 

Vinylidene  Fluoride  Sc 

70/30 

Polymer 

100 

65 

Perfluoropropylene 

Magnesium  Oxide 

20 

("Viton"  A,  Du  Pont) 

Hexamethylene  Diamine 

Carbamate 

1.  3 

Cure  20  min  at  310  F 

I-12D 

Vinylidene  Fluoride  Sc 

50/50 

Polymer 

100 

75 

Monochlorotrifluor  o- 

Zinc  Oxide 

5 

ethylene  ("Kel  F"  5500, 

"Hi  Sil" 

1  5 

Minnesota  Mining  Sc  Mfg 

•  ) 

Dibasic  Lead  Phosphite 

5 

Benzoyl  Peroxide 

Cure  20  min  at  280  F 

Post  cure  1  6  hr  at  300  F 

3 
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Estimated 


ASD 

Monomer 

Hardness 

No. 

Polymer 

Ratio 

Recipe 

(Shore  A) 

I-12E 

Vinlyidene  Fluoride 

70/30 

Polymer 

1  00 

80 

Monochlor  otrifluoro- 

Zinc  Oxide 

5 

ethylene  ("Kel  F"  3700, 

E  P  Carbon  Black 

1  0 

Minnesota  Mining  &c  Mfg. 

) 

Dibasic  Lead  Phosphite 
Hexamethylene  Diamine 

5 

Carbamate 

Cure  30  min  at  310  F 

Post  cure  1  3  hr  at  300  F 

1.  3 

1-2  5  A 

ditto 

70/30 

Polyme  r 

1  00 

70 

Dibasic  Lead  Phosphite 

5 

Zinc  Oxide 

5 

Benzoyl  Peroxide 

3 

Silica 

Cure  20  min  at  280  F 

1  5 

Group  II 

11-21  D 

Butadiene  Styrene 

77/23 

Polyme  r 

1  00 

65 

("Synpol"  1  000,  Texas 

Zinc  Oxide 

5 

-  U.  S.  Chem.  Co.  ) 

Benzothiazyl  Disulfide 

1.  75 

Stearic  Acid 

1.  5 

Sulfur 

Easy  Process  Channel 

2 

Black 

40 

Cure  50  min  at  320  F 

Group  III 

III-12C 

Isobutylene  and  Iso- 

99/1 

Polymer 

100 

70 

prene  (Butyl  035) 

Zinc  Oxide 

5 

Stearic  Acid 
Benzothiazyl  Disulfide 
Tetra  Methyl  Thiuram 
Disulfide 
Sulfur 

High  Abrasive  Furnace 
Black 

Cure  30  min  at  310  F 


50 


Estimated 

ASD 

Monomer 

Hardness 

No. 

Polymer 

Ratio 

Recipe 

(Shore  A) 

Ill- 1  2D 

Isobutylene  Iso- 

97.  5/2.  5 

Polyme  r 

1  00 

75 

prene  (Butyl  325) 

Zinc  Oxide 

5 

Stearic  Acid 

1 

Benzothiazyl  Disulfide 
Tetra  Methyl  Thiuram 

.  5 

Disulfide 

1 

Sulfur 

High  Abrasive  Furnace 

2 

Black 

50 

Cure  3  0  min  at  310  F 

III-12E 

ditto 

97.  5/2.  5 

Polymer 

1  00 

75 

(Resin  Cure) 

Zinc  Oxide 

5 

Stearic  Acid 

High  Abrasive  Furnace 

1 

Black 

50 

Chlorinated  Phenolic 

Resin 

12 

Cure  30  min  at  310  F 

III-12A 

Isobutylene  &  Iso- 

— 

Polyme  r 

1  00 

80 

prene  (Brominated) 

Zinc  Oxide 

5 

("Hycar"  2202,  B.  F. 

Stearic  Acid 

3 

Goodrich  Chem.  Co.  ) 

Benzothiazyl  Disulfide 
Tetra  Methyl  Thiuram 

.  4 

Disulfide 

.  8 

Sulfur 

Easy  Process  Channel 

2 

Black 

50 

Cure  30  min  at  310  F 

III-12B 

Isobutylene  &t  Iso- 

97/2/1 

Polymer 

1  00 

70 

prene  (Chlorinated, 

Zinc  Oxide 

5 

1%)  (HT-66,  Enjay 

Stearic  Acid 

1 

Chem.  Co.  ) 

Benzothiazyl  Disulfide 
Tetra  Methyl  Thiuram 

.  5 

Disulfide 

1 

Sulfur 

High  Abrasive  Furnace 

2 

Black 

50 

ASD 

No. 


Group  IV 
IV-8A 


IV-8B 


IV-29B 


IV-29C 
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Estimated 
Monome  r 

Polymer  Ratio  Recipe 


Har dne  s  s 
(Shore  A) 


Natural  Rubber 
(Smoked  Sheet) 


Chlor opr ene 
(Neoprene,  Du 
Pont ) 


Cis  4 

Polybutadiene 


Ethylene  and 

Propylene 

(EPR-40) 


Polymer  100 

Stearic  Acid  3 

Zinc  Oxide  5 

N -  Cyclohexyl- 2- 
Benzothiazole 

Sulfenamide  .  6 

Sulfur  2.  7  5 

High  Abrasive  Furnace 

Black  50 

Polymerized  trimethyldi- 
hy  dr  o  quinoline 
(Resin  D)  1 

Cure  15  min  at  310  F 

Polyme  r  100 

Stearic  Acid  5 

Zinc  Oxide  5 

Magnesium  Oxide  4 

High  Modulus  Furnace 

Black  50 

Na  22  .5 

Cure  20  min  at  310  F 

Polymer  100 

Zinc  Oxide  5 

Stearic  Acid  .  5 

Sulfur  2.  5 

High  Abrasive  Furnace 

Black  50 

Cure  30  min  at  310  F 

Polymer  100 

Stearic  Acid  1 

Sulfur  .  8 

High  Abrasive  Furnace 

Black  50 

Dicumyl  Peroxide  4 

Cure  20  min  at  310  F 


6  5 


85 


70 


60 
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